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Background: Human melanoma cells are able to sustain low pH conditions characterizing many solid tumors.
Results: Acidic stress in melanoma cells induces reduced nutrients uptake, inhibition of mammalian target of rapamycin, and
activation of autophagy.
Conclusion:Melanoma cells activate autophagy as a protective and adaptive response to acidic stress.
Significance: Adaptation to acidosis via autophagy confirms the feasibility of anticancer therapy targeting autophagy.

Cyclic hypoxia and alterations in oncogenic signaling contrib-
ute to switch cancer cell metabolism from oxidative phosphory-
lation to aerobic glycolysis. A major consequence of up-regu-
lated glycolysis is the increased production of metabolic acids
responsible for the presence of acidic areas within solid tumors.
Tumor acidosis is an important determinant of tumor progres-
sion and tumor pH regulation is being investigated as a thera-
peutic target. Autophagy is a cellular catabolic pathway leading
to lysosomal degradation and recycling of proteins and organ-
elles, currently considered an important survival mechanism in
cancer cells under metabolic stress or subjected to chemother-
apy. We investigated the response of human melanoma cells
cultured in acidic conditions in terms of survival and autophagy
regulation.Melanoma cells exposed to acidic culture conditions
(7.0 < pH < 6.2) promptly accumulated LC3� autophagic ves-
icles. Immunoblot analysis showed a consistent increase of
LC3-II in acidic culture conditions as compared with cells at
normal pH. Inhibition of lysosomal acidification by bafilomycin
A1 further increased LC3-II accumulation, suggesting an active
autophagic flux in cells under acidic stress. Acute exposure to
acidic stress induced rapid inhibition of the mammalian target
of rapamycin signaling pathway detected by decreased phos-
phorylation of p70S6K and increased phosphorylation of AMP-
activated protein kinase, associated with decreased ATP con-
tent and reduced glucose and leucine uptake. Inhibition of
autophagy by knockdown of the autophagic gene ATG5 consis-
tently reduced melanoma cell survival in low pH conditions.
These observations indicate that induction of autophagy may
represent an adaptation mechanism for cancer cells exposed to
an acidic environment. Our data strengthen the validity of ther-

apeutic strategies targeting tumor pH regulation and autophagy
in progressive malignancies.

The tumormicroenvironment represents a complex physical
and biochemical environment characterizing solid cancers. It
has received renewed attention after the established association
between signaling through oncogenic mutations and their role
as drivers of metabolic transformation (1). Highly proliferating
cancer cells create a tumor mass poor in nutrients and oxygen
because of the growing distance from blood vessels. As a con-
sequence of low oxygen tension, the stabilization of the tran-
scription factor hypoxia inducible factor 1� represent an
important process regulating the shift to glycolytic metabolism
(2). In cancer cells, glucose is metabolized to pyruvate and lac-
tate rather than entering the oxidative phosphorylation path-
way, even in normal oxygen pressure, giving rise to the War-
burg effect (3).
An inevitable result of up-regulated glucose metabolism is

the high production rate of metabolic acids (lactate and pro-
tons) that cells need to extrude to avoid intracellular acidifica-
tion. Normally, to maintain pH homeostasis cancer cells
increase the activity and/or expression of several pH regulators,
resulting in alkalinization of intracellular pH (pHi)2 and acidi-
fication of extracellular pH (pHe) (4). A low tumor pHe has been
demonstrated in several preclinical models of human cancers,
with a pHe ranging from5.9 to 7.2 depending on the tumor type.
Additionally, tumors have localized areas characterized by spa-
tial variations in pHe (5). The acidic pH of the tumor microen-
vironment is an important component driving tumor invasive
capacity, neoangiogenesis, anchorage-independent growth,
and genetic instability, which in combination contribute to
malignant progression (5–8). Moreover, low tumor pHe is a
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known factor responsible for the intrinsic resistance of malig-
nant cells to chemotherapeutics (9, 10) and negatively affects
immune functions (11). Recently, it was reported that the long-
term culture of glioma cells inmedium at pH 6.5 induces a stem
cell phenotype (12). Therefore, anticancer therapies based on
targeting tumor pH regulation and inducing alkalinization of
tumor pHe may inhibit several tumor biological functions and
are currently under investigation both in preclinical and clinical
settings (13–17).
Macroautophagy (hereafter referred to as autophagy) is a cat-

abolic process used by eukaryotic cells to recycle long lived
proteins, lipids, and eliminate protein aggregates and organ-
elles (18, 19). The process starts by the formation of a double
membrane-bound autophagosome dependent on the sequen-
tial intervention of ATG (AuTophaGy-related) proteins (20,
21). In most of the cases the final destination of the autophago-
some is fusion with the lysosomal compartment where seques-
tered cargo is degraded. Recent studies have revealed the
importance of autophagy in development (20, 22), aging (23,
24), immune response (25, 26), and pathophysiology such as
neurodegenerative disease, obesity, infectious disease, and can-
cer (20, 26–29). Autophagy has a complex role in tumor devel-
opment and progression. Autophagy is a tumor suppressor
pathway at the initiation stage of tumors by limiting the pro-
duction of reactive oxygen species and limiting DNA damage
(29–31). However, autophagy is a survival pathway for tumor
cells to overcome metabolic stress and to resist cell death in
response to radiation and chemotherapeutic agents (32–35).
Autophagy plays a major role in metabolic adaptation in RAS-
transformed cells (36, 37). Thus, autophagy has a fundamental
and driving role in developing tumors and their malignant pro-
gression. Notably, recent studies performed on tissue sections
of human tumors suggest the association of up-regulated
autophagy with tumor hypoxia and acidity (38–40).
In the present study we evaluated the effects of acidic pH on

the autophagic activity in human malignant melanoma cells.
We demonstrate that exposure to acidic pH inhibits the mam-
malian target of rapamycin (mTOR) pathway and reduced glu-
cose and leucine uptake. Melanoma cells under acidic stress
up-regulate the autophagic flux and gene knockdown experi-
ments showed that functional autophagy, intended as an
active autophagic flux is instrumental for melanoma cells to
survive acidic stress. We propose that the ability to maintain
functional autophagy may characterize melanoma cells
exposed to an acidic microenvironment, conferring malignant
cells the capacity to overcome acidic stress-induced cell death.

EXPERIMENTAL PROCEDURES

Reagents—Bafilomycin A1 (Baf) and E64d were from Sigma.
Antibiotics, phosphate-buffered saline (PBS), trypsin/EDTA,
and fetal bovine serum (FBS) were from Lonza (Milano, Italy).
Pepstatin A and FuGENE 6 Transfection Reagent were from
Roche Applied Science. HiPerFect Transfection Reagent was
from Qiagen. ON-TARGETplus SMARTpool for human
ATG5 was from Dharmacon (Thermo Scientific). Leucine,
L-[3,4,5-3H], was from PerkinElmer Life Sciences. 2-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-
NBDG), 2�,7�-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluores-

cein (BCECF-AM), and RPMI 1640 were from Invitrogen. The
following antibodies were used: p70S6K, phospho-p70S6K,
4EBP1, phospho-4EBP1, mTOR, phospho-mTOR, AKT, phos-
pho-AKT, AMP-activated protein kinase (AMPK), phospho-
AMPK, ERK1/2, phospho-ERK1/2, LC3, and ATG5 (Cell Sig-
naling Technology); p62 (BD Transduction laboratories),
�-actin (Sigma), and HRP-conjugated anti-rabbit and anti-
mouse antibodies (Bio-Rad). The GFP-LC3 and GFP-RFP-LC3
plasmids were a kind gift of Dr. Tamotsu Yoshimori (National
Institute of Genetics, Mishima, Japan).
Cell Culture—Cell lines Me30966, Mel501, and WM793

were described before (41). The cell lines A375 and SK-Mel-28
were a kind gift from JohanHansson (Karolinska Institute, Swe-
den). All cell lines were maintained in RPMI medium in the
presence of 10% fetal calf serum (FCS) and antibiotics at 37 °C,
5% CO2. The different pH of RPMI media were obtained by
adding different concentrations of NaHCO3 and letting the
medium equilibrate in the cell culture incubator overnight.
Viability Assay—Growth curves of cell lines at different pH

conditions were performed using the acid phosphatase assay.
Briefly, cells were plated in standard RPMI medium in 96-well
plates the day after medium was replaced with media at the
indicated pH. Starting from time 0 the plates were collected
every 24 h and the acid phosphatase assay was run as previously
described (42).
Glucose Uptake—Melanoma cells cultured at different pH

conditions were incubated with 100 �M 2-NBDG, a fluorescent
derivative of 2-deoxy-D-glucose, for 45 min. Cells were col-
lected and washed with PBS and then analyzed by flow cytom-
etry to collect green fluorescence.
Measurements of Intracellular pH—Cytosolic pH was evalu-

ated by fluorescence spectroscopy using the pH-sensitive fluo-
rescent probe BCECF-AM as previously described (43). Briefly,
cells were plated in black 96-well plates (Costar) at 50% conflu-
ence. The next day, cells were incubated for 30 min with 10 �M

BCECF-AM in isotonic saline solution (ISS: 150 mM NaCl, 1
mMNa2HPO4, 1mMCaCl2, 10mMHepes, pH7.4), washed once
in ISS, and incubated for an additional 20 min. Immediately
after exposing cells to ISS at different pH values, BCECF fluo-
rescencewas recorded at 530 nm after excitation at 445 and 495
nm, in a Tecan Infinite M1000 (Tecan, Männedorf, Switzer-
land) fluorescence microplate reader. After background sub-
traction, the fluorescence ratio of BCECF-AM (495/445) was
converted to pHi values by using a calibration curve with differ-
ent potassium phosphate buffers in a pH range of 6.0 to 8.0 in
the presence of 10 �M nigericin.
Amino Acid Uptake—Cells were incubated in RPMI buffered

at different pH values (7.4 or 6.5). After 2 h [3H]leucine was
added (1 �Ci/ml) and incubated for 2 h. As positive control, we
used C2-ceramide (C2-Cer, 50 �M), which is known to inhibit
amino acids uptake (44). Cells were washed twice with ice-cold
RPMI, lysed in RIPA buffer, and tritium levels were determined
by scintillation counting.
ATP Determination—Quantification of cellular ATP was

performed on cells cultured in 96-well plates using the ATP
assay kit (Promega, Madison, WI). Cells were plated at 5000
cells/well and theATPconcentrationwas normalized to the cell
number.
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Western Blot Analysis—Cells were collected and treated with
RIPA buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 1% Nonidet
P-40, 0.1% SDS, 0.5% sodiumdeoxycholate) supplementedwith
protease and phosphatase inhibitors and protein concentration
of cellular extracts was determined by Bio-Rad Protein Assay
(Bio-Rad). SDS-PAGE was performed on pre-casted acrylam-
ide gels (12–15%) using theNuPage systemand loading 30�g of
proteins per lane. After electrophoresis, proteins were trans-
ferred to PVDFmembranes and incubated for 1 h at room tem-
perature in TBS-Tween with 5% nonfat dry milk. Protein load-
ing was assessed by red Ponceau staining of the membranes.
Membranes were incubated with primary antibodies diluted in
TBS-Tween overnight at 4 °C, followed by appropriate HRP-
conjugated secondary antibodies. Antibody staining was visu-
alized by the ECL system (Pierce).
Evaluation of Autophagy—Me30966 cells were used to mon-

itor GFP-LC3 fluorescence under different pH culture condi-
tions. Twenty-four hours after plating the cellswere transfected
with the peGFP-LC3 plasmid by using Lipofectamine 2000
(Invitrogen). The next day, the medium was replaced with
freshly prepared medium at a different pH. After an 8-h incu-
bation with different pH media, the cells were fixed using 2%
paraformaldehyde and autophagy was determined by micros-
copy fluorescence and quantification of the number of cells
containing GFP-LC3-positive vesicles.
RNA Interference Experiments—Small interfering RNAs

(siRNA) forATG5were synthesized byDharmaconRNATech-
nologies (siGENOME SMART pool). For siRNA transfection,
Me30966 and WM793 cells were seeded in standard RPMI
medium at 30% confluence in 12-well tissue culture plates. The
next day cells were transfected with 20 nM siRNA specific for
ATG5 by using Hi-Perfect transfection reagent (Qiagen) fol-
lowing the manufacturer’s instructions. The gene-silencing
efficacy was assessed byWestern blot analysis of ATG5 protein
expression using polyclonal antibodies. Forty-eight hours after
transfection, the medium was replaced with medium at differ-
ent pH values (7.4, 6.5, and 6.2) or with EBSS. Twenty-four
hours after being exposed to the newmedia cells were collected
and evaluated for cell death using Annexin-V-FITC and pro-
pidium iodide staining (BD Pharmingen).

RESULTS

HumanMelanoma Cells Survive and Proliferate Also at Very
Acidic pH—An acidic pH environment is known to delay cell
growth and increase spontaneous apoptosis in cell lines derived
from colon cancer and malignant glioma (45, 46). However,
human melanoma cells are known to survive during acidic
stress (41, 47).We culturedMe30966,WM793, A375, SK-Mel-
28, and Mel501 cells at different pH conditions and evaluated
cell proliferation over 72 h. As indicated in Fig. 1, melanoma
cells cultured at pH 6.8 showed a reduction of 20–50% in pro-
liferation as compared with cells cultured at pH 7.4, depending
on the cell line. Interestingly, all cell lines cultured at pH 6.5
continue to slowly proliferate. Acute exposure to the pH 6.5
medium seemed to provoke a low degree of cell death (supple-
mental Fig. S1A) followed by recovery of proliferation of the
surviving cells (Fig. 1A and supplemental Fig. S1B). Among the
cell lines analyzed,Me30966 showed the highest ability to grow

even at pH 6.5 as compared with other cell lines (Fig. 1, supple-
mental Fig. S1C), thus representing an appropriate model to
study how melanoma cells adapt to survive and proliferate in
very acidic conditions.
Acidic Stress Up-regulates Autophagy in Human Melanoma—

Increased autophagy linked to acidity has recently been
reported as a marker of poor prognosis in melanoma and colo-
rectal cancer (38–40). Moreover, increased autophagy was
shown to represent amarker for aggressive andmetastaticmel-
anoma (48). Because autophagy is activated in cells under met-
abolic stress, we hypothesized that autophagy might be a pro-
tective mechanism for cancer cells acutely exposed to acidic
stress. To test this hypothesis, we evaluated the effects of short-
term exposure to acidic pH on basal autophagy in human mel-
anoma cells. We used the human melanoma cell line Me30966
transiently transfected with a GFP-LC3 expressing plasmid.
The day after transfection the cell culturemediumwas replaced
with medium at different pH values (7.4 to 5.5) and GFP-LC3
fluorescence was monitored 8 h later. As depicted in Fig. 2A,
cells cultured at neutral pH showed amostly cytosolic distribu-
tion of GFP-LC3 fluorescence and around 30 LC3-positive
dots/cell. With decreasing pHe, the number of LC3-positive
dots per cells significantly increased 2-fold from about 30
LC3� dots/cell at pH 7.4 to over 70 LC3� dots/cell at low pH
(p � 0.05, Fig. 2,A and B), suggesting that acidic culture condi-
tions increase the number of autophagic vacuoles. The number
of LC3� autophagic vesicles per cell was significantly higher at
pH 6.5 with respect to pH 7.0 (p � 0.05) and reached a plateau
at pH 6.5 (Fig. 2B).

To gain insight into the effects of acidic stress on basal
autophagy we first culturedMe30966 cells inmedia at different
pH values and analyzed the conversion of LC3-I into LC3-II
after 8 h. Interestingly, the LC3-II form was significantly
increased as the medium pH decreased (Fig. 2C). p62 is a cyto-
plasmic protein that shuttles ubiquitinated proteins to
autophagosomes. Expression of p62 increases when autophagy
is inhibited, thus the levels of p62 may reflect the autophagic
flux. Analysis of p62 in the same samples indicated that p62
expression was decreased in a pH-dependent manner after
short-term acidic stress (Fig. 2C). Quantification of protein
expression showed that cells cultured at acidic pH have signif-
icantly higher LC3-II levels and lower p62 levels, suggesting a
functional autophagy in these conditions (Fig. 2C). The accu-
mulation of LC3-II and degradation of p62 observed in cells
cultured at acidic pHwas time dependent and started as early as
2 h after exposure to acidic medium (Fig. 2D). In line with data
from the LC3 fluorescence analysis (Fig. 2, A and B), the
increased LC3-II at pH 6.5 and 6.2 was similar.
Melanoma Cells Maintain a Functional Autophagic Flux

under Acidic Stress—Because the accumulation of GFP-LC3�
vesicles was already detected at pH 6.5 and did not significantly
change in lower pH culture conditions (Fig. 2B) we restricted
further analysis to a pH range of 7.4–6.5. Moreover, in vivo
MRSdata indicate that pH 6.5 represents the average tumor pH
(7, 12, 41). To analyze the status of the autophagic flux we per-
formed experiments culturing Me30966 cells at pH 7.4 and 6.5
in the presence or absence of the lysosomal inhibitor bafilomy-
cin A1, using EBSS-treated cells as positive control. In these
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experiments, low pH and starvation induced a significant
increase in LC3-II protein (p � 0.05, Fig. 3A). Me30966 cells
cultured at pH 7.4 or 6.5 were equally sensitive to the effects of
bafilomycin A1 (Fig. 3A). In fact, expression of LC3-II was
increased in the presence of bafilomycin A1 in both pH condi-
tions. Similarly, accumulation of p62 in the presence of bafilo-
mycin A1 was also increased in cells under acidic stress (pH
6.5). The same results were observed when different lysosomal
inhibitors were used onMe30966 cells (supplemental Fig. S2A).
Analysis of autophagic flux onWM793 (Fig. 3B), A375 (supple-
mental Fig. S2B), and SK-Mel-28 cells (supplemental Fig. S2C)
confirmed that under acidic stress conditions melanoma cells
maintain a fully functional autophagic flux. Another way to
analyze the autophagic flux is to use the tandem probe RFP-
GFP-LC3 (49). This probe differentiates autophagosomes
(RFP�GFP�, yellow puncta) from autolysosomes (RFP�GFP�,
red puncta) as the GFP fluorescence is quenched in acidic com-
partment. The number of autophagosomes (RFP�GFP� puncta)

tended to be slightly increased in cells under low pH conditions,
whereas the number of autolysosomes (RFP�GFP-puncta) was
significantly increased inMe30966 cultured in acidic pH (Fig. 3C),
again indicating that the autophagic flux is maintained at acidic
pH.
Cancer cellsmay be exposed to sudden and dynamic changes

in oxygen pressure and pH and we investigated how autophagy
changed during longer exposure to low pH. To this end we
culturedMe30966 cells at pH 7.4, 6.8, and 6.5 and evaluated the
autophagic flux after short-time (8 h) and long-time (24 h)
exposure, in the presence or absence of lysosomal inhibitors. As
described above, after 8 h at different acidic media we observed
LC3-II induction and decreased p62 expression, which further
accumulated in the presence of lysosomal inhibitors, confirm-
ing that Me30966 cells in acidic pH maintain an active
autophagic flux (Fig. 3D). Interestingly, after long-time (24 h)
exposure to acidic pH cells still showed an active autophagic
flux as shown by the continuous degradation of p62, which was

FIGURE 1. Human melanoma cells slowly proliferate under acidic stress. The human melanoma cell lines WM793, A375, Me30966, Mel501, and SK-Mel-28
were cultured over 3 days at different pHe conditions. Cell viability was measured every day with the acid phosphatase assay. Data from two independent
experiments run in triplicate wells are shown. Data are expressed as mean � S.D.
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greatly accumulated in the presence of lysosomal inhibitors
(Fig. 3D). Analysis of cells kept in acidic culture conditions up to
72 h showed a similar capacity to keep an active autophagic flux
(supplemental Fig. S3A). This observation was confirmed on
Me30966 adapted to pH 6.5 for 2 months and showing an
increased autophagic flux (supplemental Fig. S3B). Altogether,
these findings suggest that melanoma cells are able to increase
autophagy in response to acidic pH and maintain an active
autophagic flux also during long-term exposure to low pH.
Our data show that acidic stress up-regulates autophagy in all

melanoma cell lines investigated, as also recently reported in a
model of metastatic breast carcinoma (50). It has also been

reported that acidic stress may inhibit autophagy in mammary
carcinoma cells (MCF-7) (51), as also corroborated in our
experimental conditions. In fact in MCF-7 we noticed a reduc-
tion in the synthesis of LC3-II (as determined in the presence of
bafilomycin A1) in acidic conditions (supplemental Fig. S4A).
As the synthesis of LC3-II is correlated to the number of
autophagosomes (52), this suggests that autophagy is reduced
inMCF-7maintained at acidic pH. In additionwe also observed
a reduction in autophagic flux in cells maintained at acidic pH
as measured by the turnover of LC3-II (as determined in pres-
ence and absence of bafilomycin A1). Interestingly, whereas
melanoma cells are able to slowly proliferate even at pH6.5 (Fig.

FIGURE 2. Autophagy response in melanoma cells upon acidic stress. A and B, Me30966 cells transiently transfected with GFP-LC3 plasmid were exposed for
8 h to media at different pH values. The presence of GFP-LC3� dots was observed by fluorescence microscopy and quantified. C, Me30966 cells were exposed
to different acidic media for 8 h and LC3 and p62 expression was evaluated by Western blot. The expression of LC3 was measured by gel densitometry using
Adobe Photoshop Elements 9 and normalized to the pH 7.4 condition. D, Me30966 cells were plated overnight and culture medium was changed to pH 6.5 and
6.2. Cells were collected at time 0 (gray bar) and 2, 4, and 8 h after medium change. Expression of p62 and LC3 was analyzed by Western blot and normalized
to the values at time 0. All blots shown are representative of at least two independent experiments. Where shown, * indicates p � 0.05.
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1), viability of MCF-7 cells was dramatically decreased at acidic
pH (supplemental Fig. S4B), whichmight be dependent on their
decreased autophagic flux during acidic stress.
Acidic Stress Decreases ATP Content and Nutrients Uptake—

An important role of autophagy is to sustain cell survival in
conditions of metabolic stress and limited nutrient availability.
Therefore, we measured glucose and amino acid uptake in
human melanoma cells after exposure to acidic medium. To

measure glucose uptake we used 2-NBDG, a fluorescent non-
metabolizable glucose analog.Me30966 andWM793 cells were
exposed to medium at pH 7.4 and 6.5 and the uptake of
2-NBDG was measured at different time points. Melanoma
cells cultured at acidic pH (pH 6.5) showed a time-dependent
reduction in the uptake of glucose comparedwith cells cultured
at neutral pH (Fig. 4A). The effects on glucose uptake were also
pH dependent as shown for Me30966 cells (supplemental Fig.

FIGURE 3. Autophagic flux in melanoma cells under acidic stress. A, analysis of autophagic flux in Me30966 (A) and WM793 (B) cells was performed by
evaluating the expression levels of LC3 and p62 in cells cultured in the specified pH conditions in the presence or absence of Bafilomycin A1 (30 nM) for 8 h.
C, the presence of autophagosomes and autolysosomes was analyzed in Me30966 cells transfected with GFP-RFP-LC3 plasmid and observed after 8 h
incubation with medium at pH 7.4 or 6.5. D, the autophagic flux was analyzed in Me30966 cells after short-term (8 h) and long-term (24 h) exposure to acidic
stress in presence or absence of lysosomal inhibitors. Similar results were observed in 2 to 4 independent experiments. Where shown, * indicates p � 0.05.
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S5A). In line with this observation, both ATP (Fig. 4B) and
extracellular lactate (supplemental Fig. S5B) concentrations
were significantly reduced in cells cultured at acidic pH, likely
as a result of decreased glucose consumption and inhibition of
glycolysis.
Autophagy may be triggered by reduced amino acid uptake

(53) andwe used [3H]leucine to investigate the effects of lowpH
medium on amino acids uptake in Me30966 andWM793 cells.
As positive control, we used C2-ceramide (C2-Cer), which is
known to inhibit amino acid uptake (44). Indeed, treatment
with C2-Cer significantly reduced the uptake of leucine in both
cell lines (Fig. 4B). Similarly to the results from glucose uptake,
short-term exposure to acidic pH induced a reduced uptake of
the amino acid leucine in bothMe30966 andWM793 cells (Fig.
4C). Taken together, these findings show that acidic pHe
reduces nutrient uptake and causes a reduction in ATP levels.
Acidic pH Induces Cytosolic Acidification and Inhibition of

mTOR Signaling—Exposure to acidic pHe was previously
shown to induce acidification of pHi and inhibit glycolysis in
human cancer cells (54, 55). Therefore, we first sought to inves-
tigate the effects of acidic stress on pHi in melanoma cells. The
pHi was measured in A375 cells by using a ratiometric fluores-
cence method after incubation of cells with the pH-sensitive
probe BCECF and generation of a standard curve (Fig. 4C).
Although the pHi of cells exposed to pH7.4 did not significantly
change during the observation time, the pHi of cells exposed to
different acidic media dropped to acidic values within minutes
(Fig. 4D).
ThemTOR has a crucial role in the regulation ofmetabolism

and cell growth and acts as sensor for the availability of nutri-
ents like amino acids and glucose. mTOR is present in 2 differ-
ent complexes, mTORC1, which is sensitive to rapamycin and
activates p70S6K, andmTORC2, which phosphorylates AKT at
Ser-473 and is less sensitive to rapamycin. Inhibition of mTOR
by rapamycin or other signaling pathways is known to stimulate
autophagy (53, 56) and it has been recently reported thatmTOR
may be regulated by pH (57). While finalizing this study, an
interesting study reported that niclosamide, an autophagy
inducing drug causes cytosolic acidification and mTOR inhibi-
tion (58).
We analyzed the phosphorylation status of themTORdown-

stream effector p70S6K following exposure of human mela-
noma cells to pH 6.5 and 6.2 culture conditions. As shown in
Fig. 4E, the levels of phospho-p70S6K decreased significantly
during acute exposure to acidic medium. Inhibition of mTOR
activity was detected as early as 1 h after exposure to acidic pH.
Long-term exposure of melanoma cells to acidic stress showed
that the inhibition of p70S6Kwas stable over time and detected
at least over a 16-h incubation (supplemental Fig. S5C). More-

over, analysis of another mTOR downstream effector, 4EBP1,
also indicated a significantly reduced phosphorylation under
acidic stress (supplemental Fig. S5D).
To evaluate the signaling molecules involved in the mTOR

pathway we analyzed upstream events that might regulate the
mTOR pathway inmelanoma cells exposed to acidic stress (pH
6.5) for up to 24 h (Fig. 4F). In line with decreased glucose
uptake and ATP content, we observed that exposure to acidic
pH rapidly caused increased phosphorylation of AMPK (Fig.
4F). Moreover, the mTOR phosphorylation site Ser-2448 was
clearly inhibited in cells exposed to pH 6.5 (Fig. 4F).
Analysis of phosphorylated AKT at position Ser-473 showed

no effects of acidic stress, excluding a role for mTORC2. How-
ever, phosphorylation of ERK1/2 was transiently inhibited by
exposure to acidic stress but promptly normalized after a 4-h
incubation, suggesting that the ERK pathway is not involved in
the regulation of mTOR signaling in these cells (Fig. 4F). These
data suggest that inhibition of the mTOR pathway occurs very
early and may drive autophagy in melanoma cells cultured at
acidic pH.
Autophagy Is Crucial for Survival of Melanoma Cells under

Acidic Stress—Functional autophagy represents a survival
strategy for cells under metabolic stress (32–34). To determine
the role of autophagy in acidic stress-induced cell death in
human melanoma we used siRNA to knockdown the expres-
sion of ATG5, a crucial protein involved in the build-up of
autophagosomes. Interestingly, the expression of ATG5 was
increased in Me30966 and WM793 cells after an 8-h exposure
to pH 6.5 (supplemental Fig. S6A). Me30966 andWM793 cells
were transfected with ATG5 siRNA and after 48 h the medium
was replacedwith EBSS, pH7.4, 6.5, and 6.2media, respectively.
After exposure for 24 h to these conditions cell death was eval-
uated and expressed as the percentage of apoptotic and
necrotic cells. Knockdown of ATG5 reduced the expression of
ATG5 protein and LC3-II in both cell lines (shown in supple-
mental Fig. S6B forWM793 cells), indicating functional inhibi-
tion of autophagy. Knockdown of ATG5 did not significantly
affect survival ofMe30966 cells at neutral pH, whereas it signif-
icantly increased the sensitivity to cell death induced by acidic
medium in a pH-dependentmanner (Fig. 5A, supplemental Fig.
S6C). Cell death at pH 7.4 was similar in cells transfected with
scrambled or ATG5-specific siRNA (p � 0.17). On the other
hand, under acidic conditions at pH 6.5 cell death was 19 � 3%
in cells treated with scrambled siRNA and 51 � 11 in cells
treated with ATG5 siRNA (p � 0.05). Such differences were
muchmore remarkable at pH 6.2 where cell death was 35� 7%
in control cells and 80� 15% in autophagy-deficient cells. Sim-
ilar results were observed onWM793 cells (Fig. 5B, supplemen-
tal Fig. S6D). In fact, at pH 7.4 cell death was 8 � 1% in control

FIGURE 4. Effects of acidic stress on nutrients uptake and mTOR signaling. A, WM793 and Me30966 cells were exposed to pH 7.4 or 6.5 and the uptake of
2-NBDG was analyzed over time. The * shows a p � 0.05 for differences between cells cultured in acidic conditions and cells cultured at pH 7.4. B, Me30966 cells
were exposed to pH 7.4 and 6.5 and cellular ATP concentration was determined over time and normalized to 100 cells. The experiments were run three times
in six replicates, where * shows a p � 0.05. C, Me30966 and WM793 cells were exposed to medium at different pH values (7.4 and 6.5) or to C2-Cer (50 �M) for
4 h and the uptake of [3H]leucine was measured. The bars represent the mean � S.D. of two experiments run in triplicate, where * shows a p � 0.05. D, the effect
of medium at different pHe on intracellular pH was evaluated in A375 cells. The inset shows a representative standard curve by a ratiometric fluorescence
method using BCECF. Representative data of two independent experiments run in triplicate wells are shown. E, the expression of total and phosphorylated
p70S6K in Me30966 cells exposed to pH 6.5 and 6.2 was evaluated over time (hours) by Western blot and measured by densitometry using Adobe Photoshop
Elements 9. F, the status of mTOR upstream signaling was analyzed in Me30966 cells exposed to pH 6.5 media at different time points (up to 24 h) by analyzing
the phosphorylation of ERK, AKT, AMPK, and mTOR. The blots shown are representative of three different experiments with similar results.
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cells, whereas it was 15 � 5% in ATG5-KD cells (p � 0.13). On
the other hand, at pH 6.5 and 6.2 cell deathwas 11� 2 and 24�
6% in control cells and increased to 25 � 5 and 48 � 3% in
ATG5-KD cells (p � 0.05), respectively. As expected, expres-

sion of ATG5 and induction of autophagy was instrumental for
cell survival in conditions of nutrient starvation in both cell lines.
Interestingly, the cell deathmodes induced by acidic stress in

these two cell lines seemed to be different: in WM793 cells
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FIGURE 5. Autophagy protects melanoma cells following acidic stress. Me30966 cells (A) and WM793 cells (B) were transfected with siRNA for human ATG5
gene and cell death was measured 24 h after exposing the cells to different pH conditions (pH 7.4, pH 6.5, and pH 6.2). Cells exposed to nutrient starvation (EBSS)
were used as positive control. Cell death is expressed as the mean percentage of apoptotic (white bars) and necrotic (black bars). Mean � S.D. of three
experiments run in duplicate wells are shown, where * shows a p � 0.05. The p value was calculated for differences between the cells treated with scrambled
and ATG5-specific siRNA (paired t test). C, schematic representation of a possible model linking autophagy and acidic pH in melanoma.
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necrosis was the main cell death mode following autophagy
inhibition, apoptosis was prevalent in Me30966 cells. These
findings indicate that functional autophagy serves as a protec-
tive mechanism adopted by melanoma cells following acute
exposure to acidic stress (Fig. 5B).

DISCUSSION

We reported here that human melanoma cells exposed to
acute acidic stress rely on functional autophagy to adapt and
proliferate following exposure to acidic stress. We provide evi-
dence that acidic stress induces acidification of pHi and inhibi-
tion of mTOR, resulting in up-regulated autophagic flux. Inhi-
bition of autophagy by knockdown expression of ATG5
dramatically sensitizedmelanoma cells to acidic stress-induced
cell death.
Autophagy is the most important mechanism for degrada-

tion and recycling of long-lived proteins, protein aggregates,
organelles, and intracellular pathogens (59). In normal physio-
logic conditions autophagy helps in keeping cellular homeosta-
sis by “clearing” dispensable/damaged intracellular structures,
providing a crucial tool for protection against accumulation of
toxic cellular components. Thus, autophagy serves as a protec-
tive response to various stress stimuli, as suggested by the asso-
ciation between defective autophagy and several human
pathologies, including cancer (56).
Because the identification of metabolic transformation as an

important determinant of cancer progression, the role of
autophagy in cancer development and progression is being
debated (32). A tumor suppressive role for autophagy was first
suggested by the fact thatmicewith allelic loss of BECLIN-1 are
more prone to develop spontaneous cancers (60). Functional
autophagy also contributes to reduce tissue damage, local
inflammation, and DNA damage, thus suppressing tumorigen-
esis and tumor progression (61, 62). Moreover, constitutive
activation of mTOR by oncogenic signaling via PI3K and AKT
in cancer cells also supports the tumor suppressive function of
autophagy (1, 19).
On the other hand, autophagy sustains tumor growth and

progression in aggressive tumors. In fact, cancer cells subjected
to metabolic stress and chemotherapy up-regulate the
autophagic machinery to promote cell survival and/or avoid
apoptosis (33, 63). Moreover, high basal autophagy is required
for growth of pancreatic cancer and human cancers carrying
activated K-RAS (36, 64). Intriguingly, up-regulated autophagy
linked to hypoxia and acidity has been reported as a marker of
poor prognosis in melanoma and colorectal cancer (39, 40). In
line with this, autophagy was shown to be mostly localized in
hypoxic nonvascularized tumor regions (63), suggesting that
autophagy may be important to sustain tumor growth and sur-
vival in the developing, scarcely perfused tumors. Elegant
experiments performed in melanoma spheroids showed that
inhibition of autophagy results in cell death mostly localized in
the spheroids core (48), suggesting that increased autophagy
may predict invasiveness and drug resistance inmalignantmel-
anoma (48). In line with this observation, we found that multi-
cellular spheroids from colon carcinoma cells (HCT116) dis-
played a strong expression of LC3 in the spheroid core (data not
shown).

A major consequence of the abnormal tumor metabolism is
the accumulation ofmetabolic acidswithin the tumormicroen-
vironment, characterized by low pHe heterogeneously distrib-
utedwithin the tumormass (4, 7). Exposure of cancer cells to an
acidic environment plays a crucial function in promoting inva-
sive capacity, metastasis, and resistance to apoptotic-inducing
agents. Intriguingly, autophagy was shown to represent amajor
survival mechanism for cytogenetically abnormal neoplastic
ductal carcinoma in situ cells (65). The capacity of these cells to
form spheroids and generate tumors in SCID mice was abro-
gated upon treatment with the autophagy inhibitor chloro-
quine. Because the contribution of hypoxia and acidity to tumor
progression from ductal carcinoma in situ to invasive carci-
noma has been well established, this observation supports a
direct link between tumor acidic pH and autophagy.
We hypothesized that exposure of cancer cells to an acidic

environmentwould stimulate autophagy.We used humanmel-
anoma cell lines to investigate how exposure to acidic stress
affected autophagy and study the underlying mechanisms.
Human melanoma cells exhibit a peculiar capacity to easily
adapt to low pH culture conditions (35, 41, 66). Moreover,
autophagy was recently suggested as an important therapeutic
target for treatment of humanmelanoma (67). The major find-
ing of our study is that acidic stress stimulates a protective
autophagic response inmelanoma cells.We observed that mel-
anoma cells up-regulated the conversion of LC3-I into LC3-II
upon short-term exposure to acidic medium, with the appear-
ance of numerous LC3-positive vesicles. Analysis of the
autophagic flux indicated the presence of functional autophagy
in melanoma cells exposed to acidic stress. Our data are well in
agreement with a recent study performed on breast carcinoma
showing that the acidic tumor microenvironment promotes
autophagy and that chronic autophagy represents a survival
adaptation to acidic stress (50). However, the relationship
between pH and autophagy in breast cancer seems more com-
plex because it has also been reported that acidic stress may
indeed inhibit autophagy inMCF7 cells (51). To exclude differ-
ences in experimental settings we analyzed the response of
MCF7 cells to acidic conditions and confirmed that synthesis of
autophagosomes and the autophagic flux are reduced inMCF-7
cells under acidic stress (supplemental Fig. S3A). Interestingly,
whereas all melanoma cell lines tested were able to slowly pro-
liferate at pH 6.5, MCF-7 cells did not show this capacity.
MCF-7 cells are known to have low basal autophagic activity
likely because of the low expression of BECLIN-1 (68) and this
might explain differences in the capacity of maintaining a func-
tional autophagic flux under acidic stress. Interestingly, acidic
stress caused inhibition of the mTOR pathway also in MCF-7
cells (data not shown), suggesting that the capacity of cancer
cells to modulate autophagy following acidic stress may not be
dependent only on mTOR inhibition but likely on their ability
to restore their physiological pHi by extruding acids via pH-reg-
ulating systems.On the other hand, humanmelanoma cells rely
on functional autophagy for survival and invasion (48) and
increased autophagy in several human cancers, including mel-
anoma is associated tometastasis and poor outcome (69). Inter-
estingly, the melanoma cell line Me30966 maintained an
increased autophagic flux even after a long-term (24–72 h) cul-
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ture in acidic conditions. Moreover, we have developed
Me30966 cells adapted for 2 months to grow at pH 6.5 and
observed that these cells maintain a fully functional autophagic
flux, strongly supporting a recent observation reported on
breast cancer cells (50). In line with the clinical studies so far
available, our data support a crucial role of autophagy in sur-
vival of melanoma cells under acidic stress. We reckon that the
ability to maintain a functional autophagic flux in response to
pHe changesmay vary among different types of cancer, possibly
depending on the mutational status affecting the metabolic
requirements to sustain cell growth and survival in stress con-
ditions. Moreover, it has also been reported that alkaline stress
induces autophagy by inhibition of mTOR (70). Because expo-
sure to alkaline medium is expected to induce partial alkalin-
ization of pHi, this data would support a role for cytoplasmic
alkalinization in induction of autophagy through mTOR inhi-
bition (71).
However, Balgi and colleagues (57) recently demonstrated

that exposure to acidic pHe causes a rapid inhibition of mTOR
signaling, supporting a crucial role for pH in modulation of
mTOR activity. These findings indicate that mTOR signaling
may be sensitive to cytosolic pH variations. To further validate
this hypothesis, we analyzed the status of themTORpathway in
response to acute extracellular acidification in human mela-
noma by investigating the phosphorylation of p70S6K, a down-
stream effector of the mTOR signaling pathway. We consis-
tently found that acidic stress induces very early inhibition of
mTOR activity, which occurred within 1 h. Conversely to what
is described in MCF7 cells (57), we found that in association
with the decreased ATP levels, acidic pH induced phosphory-
lation of AMPK, an essential positive regulator of autophagy
(56). Because levels of phospho-AMPK remained elevated,
whereas both phospho-ERK1/2 and phospho-AKT were
unchanged, our observation suggests that melanoma cells
undergo an autophagic response and at the same timemaintain
the capacity to proliferate under acidic stress (Fig. 1). Acidic
pHe was reported to inhibit glycolysis via decreased glucose
uptake in Ehrlich ascites tumor cells (72) and our data indicate
that melanoma cells exposed to acidic pH show signs of glycol-
ysis inhibition because they reduced glucose uptake and lactate
release. Similarly, glycolysis inhibition by 2-deoxy-D-glucose
was reported to induce cytoprotective autophagy in endothelial
and melanoma cells (73, 74). Because it is known that active
mTOR stimulates glucose uptake via increased membrane
expression of glucose transporters (75) it is likely that inhibition
of mTOR by acidic pH may be the upstream event leading to
reduced glycolysis and autophagy induction. In line with this,
we reported that cytosolic acidification mediated by proton
pump inhibitors and associated with mTOR inhibition induces
a protective autophagy in melanoma cells (35). Moreover, we
also observed that acidic stress inhibited uptake of the amino
acid leucine. Intriguingly, mTOR signaling can regulate nutri-
ents transporters, as shown in the case of leucine transporter
(76). Because leucine is a potent inhibitor of autophagy (56) it is
possible that acidic pH-mediated inhibition of mTOR stimu-
lates autophagy inmelanoma cells via decreased leucine uptake.
With this regard, a combination of leucine deprivation and

autophagy inhibition has been recently suggested as an antican-
cer strategy against human melanoma (67).
To get insight on the functional role of autophagy under

acidic stress, we analyzed acidic stress-induced cell death in
humanmelanoma after knockdown ofATG5, a crucial gene for
the formation of autophagosomes. We observed that defective
autophagy achieved by ATG5 knockdown significantly
increased the sensitivity to acidic stress-induced cell death in
humanmelanoma cells. Intriguingly, whereas inMe30966 cells
apoptosis was the main cell death mechanism, WM793 cells
died mostly through necrosis. Recently, the increased
autophagic index has been associated to themalignant behavior
of aggressive melanoma cells (48). An important observation
made by Ma and colleagues (48) was that autophagy inhibition
via ATG5 knockdown induced selective killing of metabolically
stressed cells localized in the core of multicellular spheroids.
Moreover, the authors suggest a direct link between up-regu-
lated autophagy and invasive potential of melanoma cells.
Because acidic pH stimulatesmelanoma cell invasion, our find-
ings support a role for autophagy inmelanomaprogression.We
have reported that human melanoma cells exposed to acidic
medium and/or starvation face off nutrient deprivation by
increasing dramatically their ability to cannibalize other cells
(47). It is well established that functional autophagy is required
for digestion of intracellular pathogens (59), thus an intriguing
hypothesis is that a functional autophagymay participate in the
cannibal activity ofmalignant cells exposed to acidic stress (77).
Our study provides further support to therapeutic strategies

targeting autophagy to kill tumor cells, directly or in combina-
tion with chemotherapy (36, 37, 78). Recently, we showed that
melanoma cells under acidic conditions up-regulate autophagy
as a protective mechanism following treatment with proton
pump inhibitors (35). Inhibition of autophagy in these cells
increased their sensitivity to proton pump inhibitor-induced
cell death. Because targeting pH regulation in tumor cells rep-
resents a novel and attractive therapeutic strategy (13, 79, 80),
the finding that functional autophagymay protect cells exposed
to acidic stress, thus contributing to malignant progression,
further supports the validity of therapeutic targeting autophagy
and pH regulation in cancer.
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